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Impact Response and Microstructural Evolution of Biomedical
Titanium Alloy under Various Temperatures
WOEI-SHYAN LEE, TAO-HSING CHEN, and HSIN-HWA HWANG
A compressive split-Hopkinson pressure bar and transmission electron microscope (TEM) are
used to investigate the mechanical behavior and microstructural evolution of biomedical Ti
alloy deformed at strain rates ranging from 8 · 102 s-1 to 8 · 103 s-1 at temperatures between
25 C and 900 C. In general, the results indicate that the mechanical behavior and micro-
structural evolution of the alloy are highly sensitive to both the strain rate and the temperature
conditions. The ﬂow-stress curves are found to include both a work-hardening region and a
work-softening region. The strain-rate-sensitivity parameter, b, increases with increasing strain
and strain rate but decreases with increasing temperature. The activation energy varies inversely
with the ﬂow stress and has a low value at high deformation strain rates and low temperatures.
Microstructural observations reveal that the strengthening eﬀect evident in the deformed alloy is
a result primarily of dislocations and the formation of a phase. The dislocation density increases
with increasing strain rate but decreases with increasing temperature. Additionally, the square
root of the dislocation density varies linearly with the ﬂow stress. Correlating the mechanical
properties of the biomedical Ti alloy with the TEM observations, it is inferred that the
precipitation of a phase dominates the fracture strain. Transmission electron microscope
observations reveal that the amount of a phase increases with increasing temperature below the
b-transus temperature. The maximum amount of a phase is formed at a temperature of 700 C
and results in the minimum fracture strain observed under the current loading conditions.
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I. INTRODUCTION
TITANIUM alloys are characterized by a high
strength to weight ratio, excellent corrosion resistance,
and good formability. Consequently, such alloys are
extensively used for applications requiring light-weight,
chemically-inert components. In the mid 1980s, a + b-
phase Ti-6Al-4V was commonly regarded as an ideal
material for medical implants.[1,2] However, recent re-
search has revealed that Ti-6Al-4V debris contains Group
Vchemical elements,whichareharmful tohumanhealth.[3]
Accordingly, researchers have shown increasing interest in
the potential of b-phase Ti alloy for medical applica-
tions.[4,5] In general, this alloy is known to have good
biocompatibility characteristics and favorable mechanical
properties. However, its dynamic mechanical behavior
under the high-strain-rate and temperature conditions
experienced during typical manufacturing processes, i.e.,
forging andmachining, are poorly understood. As a result,
the precise shape and mechanical properties of manufac-
tured Ti-alloy components are not easily predicted.
In general, strain rate has a crucial eﬀect on the
mechanical behavior of deformed materials. Although
the ﬂow stress increases with increasing strain rate in
engineering materials, the actual eﬀect of the strain rate is
very much dependent on the nature of the tested mate-
rial.[6–9] Besides the strain rate, the temperature is also
known to have a signiﬁcant eﬀect on the mechanical
properties and microstructure of deformed materials. In
general, a higher temperature reduces the internal resis-
tance to dislocationmovements and results in plastic ﬂow.
However, due to the combined eﬀects of work hardening
and work softening caused by impact loading and
elevated deformation temperatures, respectively, predict-
ing the overall plastic-ﬂow response is problematic.
Intuitively, it seems reasonable to assume that the
variations observed in the stress-strain curves of
impacted specimens are related to the microstructural
evolution of the deformed material.[10] Accordingly,
observations of the deformed microstructures of
impacted specimens can provide useful insights into the
strengthening mechanisms and plastic deformation
behavior of materials subjected to deformation under
diﬀerent strain rate and temperature conditions. Dislo-
cation slip is known to have a signiﬁcant eﬀect on the
ﬂow- stress curves of plastically deformed materials.
Under high-strain-rate loading conditions, the rapid
multiplication of dislocations suppresses the dislocation-
slip phenomenon and induces a strengthening eﬀect.[11,12]
However, under high-temperature deformation condi-
tions, the increased temperature not only increases the
annihilation of dislocations but also provides the dislo-
cations with additional energy with which to overcome
short-range barriers. As a result, a work-softening eﬀect
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is observed. In other words, the strain rate and temper-
ature exert opposing eﬀects on the mechanical response
of engineering materials. Since Ti alloy is a metastable,
b-phase alloy, a strengthening eﬀect is provided by the
precipitation of a phase following solution treatment at
temperatures lower than the b-transus temperature
(785 C).[13] Accordingly, researchers have proposed
several thermal treatments designed speciﬁcally to con-
trol the features and amount of precipitated a phase in
order to enhance the mechanical properties of Ti
alloy.[14–16] In general, the mechanical response of
Ti-alloy components is signiﬁcantly dependent on both
the strain rate and the temperature conditions encoun-
tered during their manufacture or subsequent service
lives. Consequently, it is essential to systematically
examine the correlation between the mechanical proper-
ties of Ti alloy and its microstructural evolution over a
range of strain rate and temperature loading conditions.
Accordingly, this study employs a compressive split-
Hopkinson pressure bar (SHPB) to investigate the
mechanical response of Ti alloy (i.e., the yield stress, the
maximum stress, the fracture strain, and the rate of work
hardening) under strain rates between 8 · 102 s-1 and
8 · 103 s-1 and temperatures ranging from 25 C to
900 C. The microstructural evolution of the deformed
specimens is observed via TEM, with particular attention
paid to the eﬀects of the strain rate and temperature on the
formation and slip ofmicrostructural dislocations and the
extent of a-phase precipitation. Finally, the correlation
between themicrostructural evolution characteristics and
themacromechanical response of the deformed specimens
is systematically analyzed and discussed.
II. EXPERIMENTS
The Ti alloy tested in this study was solution treated
at a temperature of 735 C for 0.5 to 1 hour and then
aged at 425 C to 500 C for 17 hours. The chemical
composition (wt pct) of the alloy was as follows: 1.1 pct
Mo, 5.2 pct Zr, 2.9 pct Al, 0.35 pct Fe, 0.05 pct N,
0.20 pct O, 0.02 pct H, and a balance of Ti. Rods with
a diameter of 25 mm and a length of 170 mm were
formed in a drawing process, and cylindrical specimens
with a diameter and height of 7 mm were then
machined, using an electrodischarge machine. The
specimen surfaces were carefully ground to ensure a
close contact between the specimen and the pressure
bars of the SHPB apparatus during the high-strain-rate
tests.
The Ti-alloy specimens were compression tested at
strain rates of 8 · 102 s-1, 3 · 103 s-1, and 8 · 103 s-1
and temperatures of 25 C, 300 C, 500 C, 700 C, and
900 C, respectively. Figure 1 presents an illustration of
the experimental setup and the measurement apparatus.
The striker, incident, and transmitter bars of the SHPB
apparatus were fabricated of DC 53 high-strength tool
steel and had a diameter of 12.7 mm. The SHPB
apparatus and experimental procedures are well docu-
mented by Lindholm,[17] and, hence, the following
discussions present no more than a brief outline of the
experimental process.
In the high-strain-rate tests, the striker bar was ﬁred
by a gas gun such that it impacted the end of the
incident bar. The resulting compressive wave propa-
gated along the incident bar until it reached the
specimen interface, at which point it separated into
two parts, i.e., a reﬂected wave and a transmitted wave.
The magnitudes of the reﬂected and transmitted waves,
i.e., er and et, respectively, were detected by electroresis-
tance strain gages mounted on the incident and trans-
mitter bars. According to one-dimensional elastic-wave
propagation theory, the compression strain, e, strain
rate, _e, and stress, r, are given by the following
equations:
Fig. 1—Schematic illustration of a compressive split-Hopkinson bar apparatus.












where C0 is the longitudinal-wave velocity in the split-
Hopkinson bar, L is the eﬀective gage length of the
specimen, E is the Young’s modulus of the split bar, and
A and As are the cross-sectional areas of the split bar
and the specimen, respectively.
For the compression tests performed at elevated tem-
peratures of 300 C, 500 C, 700 C, and 900 C, respec-
tively, the specimens were enclosed in a clamshell radiant-
heating furnace with an internal diameter of 25 mm and a
heating element with a length of 300 mm. The specimen
temperature was monitored using a K-type (chromel-
alumel) thermocouple positioned in contact with the
specimen surface. Prior to testing, the specimen and the
two ends of the pressure bars holding the specimen were
maintained at the designated testing temperature for a
duration of approximately 10 minutes to ensure a uniform
temperature distribution at the specimen/pressure bar
interface. The resulting temperature gradient induced
along the lengths of the two pressure bars aﬀects both the
elastic modulus of the bars and the propagation velocity of
the pressure pulse. Accordingly, it is necessary to modify
the original equations for the strain, strain rate, and stress
given in Eqs. [1] through [3]. (Note that the necessary
modiﬁcations are summarized in previous studies by
Chiddister and Malvern[18] and the current authors[19]
and are therefore not described here.)
Following thehigh-strain-rate tests, themicrostructures
of the deformed specimens were observed via TEM in
order to investigate the respective eﬀects of the strain rate
and temperature on the formation of dislocations and the
precipitation of a phase. The thin foils required for the
TEM observations were prepared by cutting slices of
0.7-mm thickness from the center of the deformed
specimens in a direction perpendicular to the compression
axis using a diamond-bladed cutting machine. The slices
were ground with 600-grit paper to a thickness of 0.2 mm,
and discs with a diameter of 3 mm were then removed
using a spark cutter. The discs were electropolished in a
twin-jet polishing machine, using a solution of Methanol
(500 mL), I-Butanol (300 mL), and Perchloric acid
(50 mL) at 25 C and a 20 V DC voltage. Finally, the
electropolished disks were ion milled by argon in a Gatan
PIPS-691 (Gatan, Inc. 5794 W. Las Positas Blvd.
Pleasanton, CA) Ion-Miller with an accelerating voltage of
4.5 keV and a beam glancing angle of 4 deg. The specimens
were then examined using a JEOL* TEM-3010 analytical
scanning TEM with an operating voltage of 300 kV.
III. RESULTS AND DISCUSSION
A. Stress-Strain Curves
Figures 2(a) through (c) present the stress-strain
curves of Ti-alloy specimens deformed at strain rates of
8 · 102 s-1, 3 · 103 s-1, and 8 · 103 s-1, respectively, at
temperatures between 25 C and 900 C. In general, it is
observed that the ﬂow stress increases with increasing
strain rate but decreases with increasing temperature. It
can also be seen that for a constant strain rate, the ﬂow
stress increases with increasing strain initially but then
reduces as the strain is increased further. Table I
summarizes the yield stress, fracture strain, and maxi-
mum stress for each of the current specimens. The results
show that the yield stress and the maximum stress both
increase with increasing strain rate but decrease with
increasing temperature. At the lowest strain rate of
8 · 102 s-1, the specimen fractures only at a deformation
temperature of 25 C. However, when the strain rate is
increased to 8 · 103 s-1, all the specimens fracture,
irrespective of the temperature conditions. Hence, the
results show that Ti alloy fractures more readily at higher
strain rates or lower temperatures. Table I also shows
that for a constant temperature, the fracture strain
increases with increasing strain rate, which suggests that
the fracture toughness of the alloy is enhanced at higher
strain rates. Finally, it is observed that for a given strain
rate, the fracture strain reduces with increasing temper-
ature at temperatures lower than 700 C but increases
signiﬁcantly at a deformation temperature of 900 C.
This tendency implies that an increasing deformation
temperature is accompanied by a signiﬁcant change in
the microstructure of the Ti alloy, particularly at
temperatures between 700 C and 900 C.
Figure 2(d) compares the experimental stress-strain
data obtained for the current Ti alloy under various
temperature and strain rate conditions with those
presented in the literature for a-phase Ti alloy and
Ti-6Al-4V alloy tested under broadly equivalent condi-
tions.[20–22] It can be seen that the ﬂow stress of the
current biomedical Ti alloy is greater than that of the
a-phase Ti alloy under both temperature and strain-rate
conditions and is higher than that of the Ti-6Al-4V alloy
tested at 725 C and 3.7 · 103 s-1. However, the ﬂow
stress of the Ti-6Al-4V alloy deformed at 25 C and
3.4 · 103 s-1 is slightly higher than that of the current Ti
alloy under similar loading conditions (i.e., a tempera-
ture of 25 C and a strain rate of 3 · 103 s-1).
The stress-strain curves in Figure 2 show signs of both
work hardening and work softening as the deformation
strain is progressively increased. Figure 3 plots the
work- hardening rate, i.e., the slope of the stress-strain
curves (¶r/¶e), against the deformation temperature as a
function of the strain rate at true strains of 0.1 and 0.2.
For an engineering material, the work-hardening rate
represents the net result of the competing eﬀects of work
hardening (induced by the strain and strain rate) and
work softening (induced by the testing temperature and
the deformation-heating eﬀect). Overall, a negative rate
of work hardening indicates that the deformation is
dominated by a work-softening mechanism. Figure 3
*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
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shows that for the current Ti alloy, the work-hardening
rate increases with increasing strain rate at a constant
temperature, which indicates a greater resistance to
plastic deformation under higher strain-rate loading
conditions. However, the temperature rise caused by the
deformation heat produced under high-strain-rate load-
ing reduces the work-hardening rate as the true strain
increases under constant temperature conditions. For a
constant strain rate, the work- hardening rate decreases
with increasing temperature at temperatures lower than
700 C but increases signiﬁcantly (particularly at a
higher true strain) when the deformation temperature
is increased to 900 C. Generally speaking, the greater
thermal energy associated with a higher deforma-
tion temperature enhances the ability of dislocations
to overcome short-range barriers. Therefore, the
work-hardening rate decreases with increasing temper-
ature at temperatures lower than 700 C. However, at
temperatures higher than the b-transus temperature of
the current Ti alloy, i.e., 785 C, the microstructural
transition from a + b phase to pure b phase results in
an increased work-hardening rate.
B. Strain Rate Effect and Activation Energy
The stress-strain curves presented in Figure 2 indicate
that the strain rate has a signiﬁcant eﬀect on the ﬂow
stress of Ti alloy. In order to analyze the strain-rate
eﬀect on the mechanical behavior of the deformed alloy
under diﬀerent loading conditions, Figure 4(a) illus-
trates the relationship between the ﬂow stress and the
strain rate as a function of the temperature at true
Fig. 2—True stress-strain curves of Ti alloy deformed at various temperatures under strain rates of (a) 8 · 102 s-1, (b) 3 · 103 s-1, and (c)
8 · 103 s-1; and (d) comparison of current stress-strain results and those presented in the literature for a-phase Ti alloy and Ti-6Al-4V alloy
under equivalent temperature and strain-rate conditions.
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strains of 0.1 and 0.2, respectively. In general, it is
apparent that the ﬂow stress increases with increasing
strain rate at both values of the true strain. Further-
more, for a given temperature, the ﬂow stress increases
more signiﬁcantly at higher strain rates (i.e., 3 · 103 and
8 · 103 s-1), while for a given strain rate, the stress
increases more gradually at higher temperatures.
The literature contains many experimental investiga-
tions into the mechanical response of engineering
materials subjected to dynamic loading. The results
typically reveal that a signiﬁcant increase in ﬂow stress
occurs at strain rates higher than 103 s-1. This phenom-
enon is thought to indicate a change from a thermally
activated control of the dislocation movements at low
strain rates to a viscous-drag control mechanism at
higher strain rates.[23] However, in their study of copper
alloy, Follansbee and Kocks[24] suggested that the
increased ﬂow stress at strain rates higher than 103 s-1
was caused, not by a transformation of the deformation
mechanism from thermally activated ﬂow to viscous
drag, but by an enhanced rate of dislocation generation.
The same argument was also advanced by Lee et al.[25]
and Zerilli et al.[26] in their studies of 304L stainless steel
and oxygen-free high conductivity (OFHC) copper,
respectively.
The strain-rate eﬀect can be quantiﬁed via the strain-
rate-sensitivity parameter, b, deﬁned by the following
equation:[27]
b ¼ ðr2  r1Þ= ln ð_e2=_e1Þ ½4
where the compressive stresses r1 and r2 are obtained
from tests conducted at average strain rates of _e2 and _e1,
respectively, and are calculated at the same value of
compressive plastic strain. Figure 4(b) illustrates the
variation of the strain-rate sensitivity of the current Ti
alloy with the temperature as a function of the strain rate
at true strains of 0.1 and 0.2, respectively. It is observed
that the strain-rate sensitivity increases with increasing
strain and strain rate but decreases with increasing
temperature. Furthermore, at lower strain rates (8 · 102
to 3 · 103 s-1), an approximately linear relationship is
found between the strain-rate sensitivity and the tem-
perature. However, at higher strain rates (3 · 103 to
8 · 103 s-1), the Ti alloy is more strain-rate sensitive at
lower temperatures for both values of the true strain.
Assuming that the plastic deformation of the Ti alloy is
a thermally activated process, the strain rate can be
expressed in the form of the following Arrhenius
equation:[28]





where _e0 is the frequency factor, DG is the activation
energy required to induce plastic ﬂow, k is the
Table I. Mechanical Properties and Fracture States of Ti Alloy Deformed at Strain Rates of 8 · 102 s-1, 3 · 103 s-1, and














25 8.0 · 102 1155 1223 1130 0.32 d
3.0 · 103 1280 1374 1281 0.35 ¯
8.0 · 103 1459 1588 1457 0.42 ¯
300 8.0 · 102 1000 1050 — — s
3.0 · 103 1117 1180 1047 0.33 ¯
8.0 · 103 1246 1328 1202 0.35 ¯
500 8.0 · 102 833 881 — — s
3.0 · 103 934 993 828 0.32 d
8.0 · 103 1055 1121 973 0.33 ¯
700 8.0 · 102 811 852 — — s
3.0 · 103 898 945 799 0.30 d
8.0 · 103 1000 1067 914 0.32 ¯
900 8.0 · 102 711 731 — — s
3.0 · 103 781 820 — — s
8.0 · 103 883 935 766 0.45 }
s: safe, d: single shear band, ¯: single shear band with crack, and }: multiple shear bands with crack.
Fig. 3—Variation of work-hardening rate with temperature as
function of strain rate at true strains of (a) 0.1 and (b) 0.2.
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Boltzmann constant, and T is the absolute experimental
temperature. The activation energy associated with the
dynamic deformation of the current Ti alloy is given by
the following equation:[29,30]





where m is the activation volume and can be obtained
from the following equation:[31]





For the current Ti alloy, suﬃcient activation energy to
trigger the plastic-ﬂow process is obtained at particular
combinations of the current strain, strain rate, and
temperature conditions. Figure 2 has shown that the
ﬂow stress varies as a function of the strain, strain rate,
and temperature. Therefore, a correlation can be
obtained between the activation energy and the ﬂow
stress under equivalent loading conditions, as shown in
Figure 5. The results indicate that the ﬂow stress is
inversely related to the activation energy. In other
words, at activation energies lower than 20 kJ/mole, the
ﬂow stress increases signiﬁcantly as the activation energy
decreases. In general, the role of the activation energy is
to assist dislocations in overcoming short-range barriers
to movement. In the current case, moving a dislocation
requires more stress during plastic deformation, partic-
ularly under high-strain-rate and low-temperature load-
ing conditions because Ti alloy is known to have a low
activation energy.[32]
C. Temperature Effect
The stress-strain curves presented in Figure 2 have
shown that the plastic ﬂow is aﬀected not only by the
strain rate but also by the temperature. The temperature
eﬀect is shownmore clearly inFigure 6(a), which plots the
variation of the true stress with the temperature as a
function of the strain rate. It can be seen that the ﬂow
stress drops rapidly as the temperature is increased from
25 C to 500 C, reduces more slowly as the temperature
is increased to 700 C, and then falls abruptly as the
temperature is further increased to 900 C. The variation
in ﬂow stress with increasing temperature is the result of
microstructural changes, i.e., changes in the grain size, the
number of dislocations, the volume and composition of
phase, and so forth. In the current Ti alloy, the softening
resistance observed at temperatures between 500 C and
700 C is thought to be the result of a strengthening eﬀect
Fig. 4—(a) Variation of ﬂow stress with strain rate as function of
temperature at true strains of 0.1 and 0.2, and (b) variation of
strain-rate sensitivity as function of strain rate at true strains of 0.1
and 0.2.
Fig. 5—Variation of activation energy with ﬂow stress.
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prompted by the formation of a phase as the temperature
is increased at temperatures lower than the b-transus
temperature (785 C). The temperature eﬀect can be
quantiﬁed via a temperature-sensitivity parameter, ba,
deﬁned as |(r2 - r1)/(T2 - T1)|.[33,34] Figure 6(b) shows
the correlation between the temperature sensitivity of the
Ti alloy and the temperature as a function of the strain
and strain rate. It can be seen that the highest temperature
sensitivity occurs at 500 C, while the lowest occurs at
700 C. It is also apparent that for a constant tempera-
ture, the temperature sensitivity increases with increasing
strain rate. Thus, it can be inferred that the strain-rate-
induced strengthening eﬀect is restrained by the temper-
ature eﬀect. This restraining eﬀect is particularly
pronounced at higher strain rates at temperatures of
300 C and 500 C, respectively. Comparing the temper-
ature sensitivity at true strains of 0.1 and 0.2, respectively,
for a ﬁxed strain rate, it can be seen that the temperature-
sensitivity parameter has a higher value at a true strain of
0.2 than at 0.1 for temperatures of 300 C and 500 C.
However, at a higher temperature of 700 C, the temper-
ature-sensitivity parameter has an approximately equal
value at true strains of 0.1 and 0.2, respectively. Finally, at
the highest temperature of 900 C, the temperature-
sensitivity parameter has a lower value at a strain of 0.2
than at 0.1. These results reveal that the temperature eﬀect
is more pronounced in specimens subjected to large
deformations at low temperatures.
D. Microstructural Observations
In the high-strain-rate tests performed in this study,
the same heating rate and holding time were applied in
every case, i.e., a heating rate of 2/3 C/s until the
speciﬁed testing temperature was attained and a holding
time of 15 minutes. Figure 7 shows the initial unde-
formed microstructures of Ti-alloy specimens heated to
each of the current testing temperatures. The grain sizes
of the undeformed, heated specimens were measured
using a linear intercept method and were found to be 36,
39, 44, 47, and 51 lm in the specimens heated to
temperatures of 25 C, 300 C, 500 C, 700 C, and
900 C, respectively. The macromechanical behavior of
the deformed Ti-alloy specimens is closely related to the
microstructural changes induced by the applied strain
rate and temperature-loading conditions. Figures 8 and
9 present diﬀraction patterns and TEM micrographs of
the Ti alloy deformed at a true strain of 0.2 under
various strain-rate/temperature conditions. The diﬀrac-
tion patterns in Figures 8(a) and (b) reveal the presence
of elongated a phase within the b matrix of the Ti alloy
deformed at 25 C. The micrographs presented in
Figures 8(c) through (f) and Figures 9(a) through (f)
reveal that the dislocation density increases with increas-
ing strain rate but decreases with increasing tempera-
ture. Furthermore, it can be seen that the amount of a
phase increases with increasing temperature at temper-
atures lower than 700 C. Observing the dislocation
structures, it is found that the dislocation cells are large
and have thin walls composed of tangled dislocations in
the specimen deformed at a strain rate of 8 · 102 s-1 and
a temperature of 25 C (Figure 8(c)). However, at the
same deformation temperature, when the strain rate is
increased to 8 · 103 s-1, the dislocation cell size reduces,
and the cell walls become thicker (Figure 8(d)). Under
this higher strain rate condition, the dislocation density
increases, and the greater number of dislocations tan-
gled at the cell walls suppresses dislocation movement.
In other words, as the number of tangled dislocations
within the cell wall increases, the force required for the
dislocations to overcome the barriers formed by these
tangled dislocations also increases. Correlating the
stress-strain curves in Figure 2 with the increased
dislocation density observed at higher strain rates in
Figure 8(d), it can be inferred that the ﬂow stress
increases as a result of an increasing dislocation density.
Although previous research[20] reported the presence of
Fig. 6—Variation of (a) ﬂow stress and (b) temperature sensitivity
with temperature as function of strain rate at true strains of 0.1 and
0.2.
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both twins and twin interactions in a-phase titanium
alloy deformed at a high strain rate of 3 · 103 s-1 , no
evidence of twinning was found in the current biomed-
ical Ti alloy in the high-strain-rate tests performed at
room temperature.
However, Figures 8(c) and (d) suggest that the pres-
ence of a phase in the matrix also contributes to the
strengthening eﬀect observed in the deformed alloy
at temperatures lower than 700 C. Speciﬁcally, the
a phase presents a barrier to dislocation move-
ments, causing the dislocations to pile up at the phase
boundary. It seems reasonable to assume that the
amount of precipitated a phase has a direct eﬀect on
the mechanical behavior of the Ti alloy.[35,36] As the
deformation temperature is increased, the thermal
energy of the dislocations is also increased, and, hence,
their ability to overcome short-range barriers is
enhanced. Therefore, at a strain rate of 8 · 102 s-1 and
a temperature of 300 C, the dislocation cells have a
looser structure and the dislocation density is reduced.
Furthermore, a greater amount of a phase is precipi-
tated (Figure 8(e)). However, for the same deformation
Fig. 7—Initial microstructures of undeformed specimens heated to temperatures of (a) 25 C, (b) 300 C, (c) 500 C, (d) 700 C, and (e) 900 C.
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temperature, but at an increased strain rate of 8 · 103
s-1, both the dislocation density and the cell-wall
thickness are increased (Figure 8(f)).
At higher temperatures of 500 C and 700 C, the
number of dislocations decreases. As a result, at a strain
rate of 8 · 102 s-1, the dislocation density is lower than
Fig. 8—(a) Diﬀraction pattern of b matrix and (b) diﬀraction pattern of a phase. Dislocation substructure and a-phase precipitation in speci-
mens deformed at true strain of 0.2 and loading conditions of (c) 25 C, 8 · 102 s-1, (d) 25 C, 8 · 103 s-1, (e) 300 C, 8 · 102 s-1, and (f)
300 C, 8 · 103 s-1.
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that observed at 25 C or 300 C under the same strain
rate, as shown in Figures 9(a) and (c), respectively.
Fewer dislocations and no cell substructures are found
in the specimens tested at 500 C and 700 C, respec-
tively, because the higher temperature accelerates the
annihilation of the dislocation substructures. However,
at equivalent temperatures, but at a higher strain rate of
8 · 103 s-1, the dislocation-multiplication phenomenon
is not signiﬁcantly restrained by the higher temperature
conditions. As a result, large dislocations and cell
structures are still formed at temperatures of 500 C
and 700 C, as shown in Figures 9(b) and (d), respec-
tively. Comparing the cell substructures formed at a
strain rate of 8 · 103 s-1 in Figures 8(d) and (f) and 9(b)
and (d), it is apparent that the cell size increases and the
cell walls become thinner as the temperature is
increased. Furthermore, in comparing Figures 8(e),
9(a), and 9(c) at a strain rate of 8 · 102 s-1, it is
observed that the amount of a phase precipitated in the
b matrix at 500 C and 700 C is greater than that
formed at 300 C. The increased amount of a phase
increases the resistance to dislocation movements and
causes a greater accumulation of tangled dislocations at
the a-phase boundary. Accordingly, plastic deformation
is suppressed, and the mechanical strength of the alloy is
increased. As shown previously in Figure 6(a), an
obvious resistance to thermal softening occurs at a
temperature of 700 C. It is thought that the presence of
a phase in the matrix dominates the high-temperature
strength characteristics of Ti alloy at temperatures lower
than the b-transus temperature, i.e., 785 C.[37] How-
ever, at higher temperatures, i.e., 900 C, the micro-
structures of the specimens deformed at strain rates of
8 · 102 s-1 and 8 · 103 s-1 contain subgrains and a very
low number of dislocations (Figures 9(e) and (f), respec-
tively). Furthermore, since the temperature is higher
than the b-transus temperature, the b matrix contains no
a phase. The combined eﬀects of thermal activation
assistance at higher deformation temperatures and the
absence of a phase reduce the intensity of the driving
force required to produce dislocation movements, and,
hence, the ﬂow stress reduces considerably at tempera-
tures ranging from 700 C to 900 C, as evidenced in
Figure 2.
E. Quantitative Analysis of Dislocation Density
and a Phase
The correlation between the microstructural evolution
of the Ti alloy and its macromechanical response can be
quantiﬁed by measuring the dislocation density and the
amount of a phase within the matrix. In this study, the
dislocation density, q, was determined using the analyt-
ical formula proposed by Ham,[38] i.e., q = 2n/Lt,
where n is the number of intersections between a
dislocation and a random set of lines of length, L, and
t is the foil thickness. In performing the analysis, the
dislocation density was calculated for the specimens
deformed at a strain of 0.2 under each of the current
strain-rate/temperature conditions. Figure 10 reveals
that the square root of the dislocation density increases
linearly with the ﬂow stress, which implies that the
combined eﬀect of the strain rate and the temperature
determines the correlation between the dislocation
density and the ﬂow stress. Quantitative measurements
of the amount of a phase precipitated in the b matrix
were obtained via X-ray diﬀraction. Figure 11 presents
the X-ray diﬀraction proﬁles of the Ti alloy deformed at
temperatures ranging from 25 C to 900 C at a
constant strain rate of 8 · 102 s-1. It can be seen that
peaks corresponding to a phase 1011
 
are present only
in the proﬁles corresponding to temperatures of 700 C
or lower and are particularly strong at temperatures of
500 C and 700 C. The amount of a phase in the b
matrix was estimated quantitatively by computing the a-
phase intensity, Ia, in accordance with the following
equation:[39]
Ia ¼ I 1011
 
a=I 200f gb ½8
where I{200}b is the base reﬂection intensity, i.e., the
intensity of the pure b matrix.
Figure 12 plots the variations of the dislocation
density, the a-phase intensity, and the ﬂow stress with
the deformation temperature as a function of the strain
rate at a true strain of 0.2. The results show that for a
given strain rate, the ﬂow stress and the dislocation
density decrease as the temperature increases. It is also
observed that the intensity of the a phase increases with
increasing temperature below the b-transus temperature.
The precipitated a phase not only imposes barriers to
dislocation motion but also acts as the origin of
dislocation multiplications. Therefore, an increased
amount of a phase induces the generation of additional
dislocations and leads to an obvious softening resistance
eﬀect (particularly at a temperature of 700 C).
Figure 12 conﬁrms that the presence of a phase in the
b matrix results in a strengthening eﬀect in the current
Ti alloy at temperatures lower than 700 C. However,
Figure 13 shows that the fracture strain decreases with
an increasing amount of a phase at temperatures lower
than 700 C. The microstructural observations pre-
sented in Figures 8 and 9 reveal that the formation of
a phase causes the accumulation of dislocations at the
phase boundaries, resulting in extreme stress concentra-
tions. Thus, cracks form more readily within the
microstructure, and, hence, the fracture strain reduces.
However, at temperatures higher than the b-transus
temperature, a phase is not precipitated in the matrix,
and, hence, the fracture strain increases.
F. Localized Adiabatic Shearing
Fractographic analysis reveals that the current spec-
imens fracture as a consequence of adiabatic-shear band
formation. The fracture states presented in the right-
hand column of Table 1 show that the formation of
adiabatic-shear bands is strongly dependent on both the
strain rate and the temperature. At the lowest temper-
ature of 25 C, all three specimens fracture as a result of
adiabatic shearing. However, at temperatures between
300 C and 700 C, adiabatic shearing takes place only
at strain rates higher than 3 · 103 s-1, while at the
highest temperature of 900 C, adiabatic-shear bands
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Fig. 9—Dislocation substructure and a-phase precipitation in specimens deformed at true strain of 0.2 and loading conditions of (a) 500 C,
8 · 102 s-1; (b) 500 C, 8 · 103 s-1, (c) 700 C, 8 · 102 s-1, (d) 700 C, 8 · 103 s-1, (e) 900 C, 8 · 102 s-1, and (f) 900 C, 8 · 103 s-1.
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are formed only at the highest strain rate of 8 · 103 s-1.
Overall, the results indicate that the tendency toward
adiabatic shearing increases with increasing strain rate
and reducing temperature.
Figure 14(a) presents a low-magniﬁcation micrograph
of a specimen tested at a temperature of 25 C and a
strain rate of 8 · 103 s-1. It can be seen that the
specimen fails in a catastrophic manner along a plane
orientated at an angle of 40 to 50 deg to the compression
axis. Figure 14(b) shows the fragmentation features of
the failed specimen. Figures 14(c) and (d) present optical
micrographs of the transverse sections (i.e., perpendic-
ular to the compression axis) of sheared specimens
deformed at a strain rate of 8 · 103 s-1 under temper-
atures of 25 C and 900 C, respectively. The micro-
graphs show that adiabatic-shear bands propagate along
a circular path on the transverse section of each
specimen. Interestingly, double localized shear bands
are formed in the specimen tested at a strain rate of
8 · 103 s-1 and a temperature of 900 C, as shown in
Figure 14(d). The formation of this double shear band
can be attributed to the change in the deformed
microstructure from a mixed a + b phase at tempera-
tures lower than the b-transus temperature to a single b
phase at higher temperatures.
Fig. 10—Variation of square root of dislocation density as function
of ﬂow stress.
Fig. 11—X-ray diﬀraction proﬁles of Ti alloy deformed at 8 · 103 s-1
and temperatures ranging from 25 C to 900 C.
Fig. 12—Variation of dislocation density, a-phase intensity, and ﬂow
stress with temperature as function of strain rate.
Fig. 13—Variation of a-phase intensity and fracture strain with
temperature as function of strain rate.
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IV. CONCLUSIONS
This study has investigated the eﬀects of strain rate
and temperature on the dynamic mechanical response
and microstructural evolution of Ti alloy. In general, the
results have shown that the ﬂow stress increases with
increasing strain rate but decreases with increasing
temperature. The competing eﬀects of strain hardening,
strain-rate hardening, and thermal softening result in a
work-hardening response at low values of true strain
and a work- softening response at higher values of true
strain. For a given temperature, the fracture strain and
work-hardening rate increase with increasing strain rate.
However, for a constant strain rate, the fracture strain
and work-hardening rate reduce with increasing tem-
perature at temperatures lower than 700 C but increase
signiﬁcantly at a deformation temperature of 900 C.
The Ti alloy exhibits high-strain-rate sensitivity at large
strains and strain rates, and at low deformation tem-
peratures. Furthermore, an inverse relationship is found
between the activation energy and the ﬂow stress. The
microstructural observations have shown that the dis-
location density and the amount of precipitated a phase
have a signiﬁcant eﬀect on the dynamic plastic defor-
mation of the Ti alloy. Dislocation generation is
enhanced at higher strain rates but is suppressed at
higher deformation temperatures. Furthermore, the
square root of the dislocation density increases linearly
with an increasing ﬂow stress. The amount of precipi-
tated a phase is insensitive to the strain rate but
increases with increasing temperature at temperatures
lower than the b-transus temperature. The presence of a
phase provides a strengthening eﬀect since it assists in
the generation of dislocations and suppresses their
movement. However, signiﬁcant stress concentrations
are formed at the boundaries of the a phase, which result
in the formation of cracks within the matrix. Hence, the
fracture strain reduces as the amount of a phase
increases.
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